Hydrology/water management and electricity generation projections have been modeled separately, but there has been little effort in intentionally and explicitly linking the two sides of the water-energy nexus. This paper describes a platform for assessing power plant cooling water withdrawals and consumption under different electricity pathways at geographic and time scales appropriate for both electricity and hydrology/water management. This platform uses estimates of regional electricity generation by the Regional Energy Deployment System (ReEDS) as input to a hydrologic and water management model-the Water Evaluation and Planning (WEAP) system. In WEAP, this electricity use represents thermoelectric cooling water withdrawals and consumption within the broader, regional water resource context. Here we describe linking the electricity and water models, including translating electricity generation results from ReEDS-relevant geographies to the water-relevant geographies of WEAP. The result of this analysis is water use by the electric sector at the regional watershed level, which is used to examine the water resource implications of these electricity pathways.
Introduction
Because water use for cooling power plants is a major component of water use overall in the United States, understanding how electricity-sector choices affect future water use is important. Power plant cooling accounts for over 40% of freshwater withdrawals in the United States, principally due to thermoelectric plants using once-through Content from this work may be used under the terms of the Creative Commons Attribution-NonCommercialShareAlike 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
cooling (Kenny et al 2009) . Withdrawals can be substantially reduced by switching to evaporative or recirculating cooling, but the switch may increase overall consumptive use .
While hydrology/water management and electricity generation projections have both been widely modeled, few models link the two. Water-for-energy analyses have been conducted on national and large regional levels. Tidwell et al (2004) developed a decision support framework for water planning for the North American Electric Reliability Corporation (NERC) regions based on projections from the US Department of Energy's Energy Information Administration (EIA). This analysis aggregated water use/demand at the NERC level and also performed a more detailed analysis of the upper Rio Grande, disaggregating electricity demand from the NERC region level to the watershed level. The 2012 Renewable Energy Futures study from the US National Renewable Energy Laboratory (NREL 2012) also considered future water demand of the electric sector at the sub-NERC region scale for baseline and high renewable energy penetration scenarios. Other studies (EPRI 2011 and Roy et al 2012, e.g.) also considered water use for energy at the regional level but do not take into account areas of new generation.
This paper describes an innovative platform for assessing and comparing water withdrawals and consumption under different electricity pathways at geographic and time scales appropriate for both electricity and hydrology/water management. A key component of this work is linking electricity modeling with water modeling to make it possible to analyze the water implications of various energy futures. This paper details one component of a multi-year research project to consider the water impacts of different future electricity generation scenarios in the United States (UCS 2012) . This platform uses the National Renewable Energy Laboratory's (NREL's) Regional Energy Deployment System (ReEDS) model, which provides a high level of geographic resolution for examining different US electricity generation scenarios, and the Water Evaluation and Planning (WEAP) system, which is unique in its ability to combine hydrologic simulation with a representation of place-specific water management decisions (Yates et al 2005) . For this work, we draw on a set of future electricity generation and capacity mixes developed under the broader research project and the analyses of current power plant water use by Clemmer et al (2012) and Averyt et al (2012) . We also make use of the work of Macknick et al (2011) , who performed a meta-analysis of published studies of cooling water use based on fuel type and cooling technology, to provide water withdrawal and consumption coefficients to calculate water use under each electricity generation scenario.
The linking of the electricity and water models is described here, and includes translating the electricity modeling results at their relevant geographies (in this case, sub-state electricity balancing areas known as power control authorities, or PCAs) to water-relevant geographies (water sub-basins). We describe our experiences in connecting these models in one of two regions of the United States where water demands associated with electricity production are particularly relevant-the southeast and the southwest. The result of this analysis, water withdrawals and consumption by the electric sector at the regional watershed level, is used by the WEAP model to further examine the water implications of these electricity pathways in the context of the overall water resource system (Yates et al 2013) .
Methodology
The sections below describe the geographies involved in our electricity and water assessments and the details of the translation or 'hand-shake' of results from ReEDS (electricity generation and capacity) to WEAP (water resources). This translation includes the application of the relevant water factors that convert electricity generation into water withdrawals and consumption based on electricity generation and capacity for fossil fuel, nuclear and renewable energy power plants.
Geographies
Clemmer et al used ReEDS to model multiple electricity scenarios, four of which we included in this work. ReEDS reports the electricity capacity and generation results by type of electric power generation technology at the level of the continental United States' 134 power control authorities (PCAs) (figure 1). This is done for a series of two-year periods between 2010 and 2050 (Short et al 2011) . The PCA is the regional level at which demand requirements must be satisfied (available electricity both generated within that PCA or imported from a surrounding PCA must meet electricity demand) and at which the model represents the national transmission grid. PCA boundaries reflect electrical grid-related boundaries, political and jurisdictional boundaries, and demographic distributions.
To consider the water withdrawals and consumptive use of each electricity scenarios, and the implications of that water use, we used WEAP, a computer-based decision support system for integrated water resources management and policy analysis. WEAP is a model-building tool, used to create simulations of water demand, supply, storage, water quality and other aspects of importance to allow for consideration of varying policy, hydrology, climate, land use, technology and other factors.
For the water evaluation, we create models for select basins in the southwest and southeast, figure 2. Integrating the electricity results into the WEAP-based models requires translating PCA-level electric capacity and generation results to water-relevant geographies for integration with all other water uses (e.g., municipal, industrial, and irrigated agriculture). For our analysis, the models are based on WEAP's 'catchment objects' derived from a customized version of the 8-digit Watershed Boundary Dataset or HUC-8 (Seaber et al 1987, data downloaded 2 February 2012), as described in Yates et al (2013) . Catchment objects in both models represent specific geographic areas in which the intersection of land cover, elevation and management points defined by diversions, reservoirs, return flows, etc-are used to define contributing catchment areas (figure 3). The management or 'pour' points define locations in the system where water is stored in reservoirs, or diverted to meet demands (e.g. municipal, industrial, irrigated agriculture, thermoelectric cooling, etc). These catchments are first defined by their contribution to specific riverine systems and then further divided into sub-catchments according to 500 m elevation bands and general land use, including forested, non-forested, urban and irrigated agriculture. Sub-catchments are defined by the intersection of the land use and elevation to estimate fractional areas for each land use and elevation combination in each catchment.
This delineation result in more than 300 catchment objects associated with 30 river systems in the southwest, and 39 catchment objects and 7 rivers in the southeast. Elevation bands are delineated for every 500 m, with the lowest level at 500 m asl, going up to the crest of the highest mountain range at 4000 m asl. Of course, the elevation range is not as dramatic in the southeast model. This level of elevation discretization is chosen in order to provide resolution in the elevation ranges where snow accumulation, and subsequent runoff generation to the riverine system, is critical.
2.2. Translation of electricity capacity and generation from PCA to HUC-8
Our translation of generation and capacity data at the PCA level to the HUC-8 level for assessing HUC-level water use involves different approaches for fossil fuel and nuclear plants and renewable energy facilities.
2.2.1. Translating fossil fuel and nuclear generation and capacity from PCA to HUC-8.
Each PCA has generation and capacity data by technology as output from each ReEDS scenario for each time slice and year. The amount of new capacity is tracked for each two-year period over the course of the projection from 2010 to 2050. For each thermoelectric fossil fuel/nuclear generating technology represented in the model (Short et al 2011) , we apportion the generation and capacity data for each PCA to the HUC-8 regions within each PCA proportional to the amount of capacity and generation of the previous two-year period. For the first analysis year (2010) we determine and incorporate thermoelectric plant location data as described in Averyt et al (2012) . We plot these plant latitudes in ArcView using GCS North American 1983 as the datum. We then project plant locations onto the Watershed Boundary Dataset (NRCS 2011) to determine the watershed locations of individual plants at the HUC-8 level. These ratios for the HUC-8s within each PCA remain static throughout the length of the projection with the exception that we do not allow capacity increases at plants that utilize saline water for cooling.
We assume that no new once-through cooled plants will be built, given that almost no large once-through cooled plants have been built in more than two decades (UCS 2012). Similarly, we also do not consider saline water for cooling, given that almost no large saline plants have been built in that time period as well (UCS 2012). New capacity that would have been apportioned to a HUC-8 region with saline capacity we instead apply proportionally to the other HUC-8 regions within that PCA based on the previous analysis period's ratio excluding the saline capacity portion.
2.2.2. Translating renewable energy generation and capacity from PCA to HUC-8.
As with fossil fuel and nuclear technologies, each PCA has generation and capacity data by renewable energy technology as output from the ReEDS scenarios for each time slice and year. For each such technology represented in the model, we apportion generation and capacity data for each PCA to the HUC-8 regions within each PCA proportional to the resource availability and total land area available within each HUC-8 region, or, in the case of biomass co-firing (using biomass to displace coal directly), to existing coal plants. (Short et al 2011) . Data is applied from this dataset for this analysis through distributing generation to HUCs proportionally based on resource quality within each HUC in a PCA. HUC regions are overlaid onto PCAs to produce distinct combinations of the two layers. The distribution of generation and capacity is determined by the ratio of generation potential within each HUC/PCA combination and the full associated PCA generation potential. Potential generation estimates are calculated using the wind speed frequency distribution (resource class), system power density (wind: 5 MW km −2 ; CSP: 31 MW km −2 ), and average resource class capacity factor (tables 1 and 2).
• Geothermal. Geothermal generation is translated similarly to CSP and wind, but instead of varying capacity factors for each resource class, geothermal has various power densities determined by resource quality.
• Utility-scale photovoltaics (PV). For utility-scale PV technologies, distribution from PCAs to HUCs is determined based on the total land area of the resource within each HUC for each PCA.
• Biomass. Generation and capacity for biomass technologies are translated from county level total biopower resource estimates (see Clemmer et al 2012) to the 134 PCA regions, which are in turn translated into HUCs via an area-weighted analysis.
• Biomass co-firing. Distribution is based on existing coal generation and capacity within each HUC in a PCA, on the assumption that co-firing would take place only where coal generation already exists.
For PCA regions entirely within the scope of analysis (i.e., the HUCs of interest cover the entire PCA region), we apply all generation to those HUCs for analysis and consider the full amount of that generation in this study. For PCA regions not entirely within the scope of analysis, we consider only the generation for the land area that falls within the HUC regions. Distribution of new generation and capacity is independent of existing capacity and generation within a region.
Calculating power plant water use by HUC-8
Once we have HUC-8 capacity and generation data, we then assign cooling technology types and apply water withdrawal and consumption coefficients to project water use.
2.3.1. Assigning cooling technology types to HUC-8 generation and capacity data for fossil fuel and nuclear plants. We assign the generation and capacity of each technology in a particular HUC-8 to one of four cooling types: once-through, recirculating, dry cooling and pond cooling (or 'none' for technologies that do not require cooling systems, i.e., natural gas combustion turbines). For each HUC-8 region, we apportion the generation and capacity data of a technology to the cooling system types according to the amount of capacity and generation of cooling system types used in the previous analysis year. Again, we know the location of plants and the per cent of the capacity and generation that occurs from technologies and cooling types within each HUC-8 region for the initial analysis year 2010 from the research discussed in Averyt et al (2012) . We hold these ratios static throughout the duration of the projection with the exception that we do not allow once-through cooling values to increase. As described above, we assume for this analysis that there will be no new once-through cooled power plants, that all new plants will be cooled with recirculating, dry or pond cooling technologies. We assign cooling technologies to any new capacity and generation in a given HUC-8 region based on the previous analysis year's ratios excluding the once-through cooling portion. While the ReEDS model gives both electric generation and capacity data by technology as output, ReEDS identifies only newly built capacity, not generation produced from new plants. Because water use coefficients are applied to generation, not capacity, analysis of water use requires apportioning generation between new and old plants. Our platform divides generation data proportionally based on the ratio of capacity for new and old plants. If ReEDS builds new capacity in a PCA of a particular technology (i.e. new natural gas builds), we distribute this new capacity and generation to the HUC-8 regions based on the amount of existing thermoelectric fossil fuel and nuclear capacity in general.
We use similar logic for plant retirements. For a given PCA, we distribute the reduction of coal capacity and generation, for example, proportionally to the coal technologies in each HUC-8 region. We treat retirements of non-coal thermoelectric plants similarly to other changes in generation and capacity; for a given PCA, the reduction in capacity and generation of a technology is distributed proportionally to the existing types in each HUC-8 region. We also included an additional 22.2 GW of announced coal plant retirements in these model runs (Clemmer et al 2012) , retiring these plants according to their scheduled retirement dates. The coefficients are described in Macknick et al (2011) and are determined based on annual changes in capacity and generation. These coefficients are applied to the generation values for each HUC-8 region for each time slice for each analysis year for all four energy scenarios. This water use data then is positioned to serve as input to the WEAP model for further analysis of the water implications of these different energy pathways.
Example
This section describes a specific example of implementing the approach described above, breaking out model data from an individual PCA into its corresponding HUC-8s. Here we PCA 34, located in southern Colorado (figure 4). We will focus on the summer of 2020 of scenario 1 from Clemmer et al (2012) . We will also focus only on the 10 HUC-8 regions that will be considered in PCA 34 in the subsequent WEAP analysis (Yates et al 2013) . For this scenario, PCA, and season, the ReEDS model reports the generation data given in table 3 (select technologies, in MW h).
3.1. Translation of fossil fuel and nuclear capacity and generation from PCA To HUC-8 PCA 34 contains 7 HUC-8 regions that contain fossil fuel and nuclear capacity in 2018. The first step in the breakout process is to track the incremental generation changes made to fossil fuel and nuclear technologies over the previous two years. In this example, there is a slight decrease in natural gas combined-cycle generation and no other changes in other fossil fuel or nuclear generation from 2018 to 2020 (figure 5). We then apportion the generation data to the HUC-8 regions and to cooling types based on the previous analysis year's distribution, as shown in the tables below.
3.2. Translation of renewable generation and capacity from PCA to HUC-8
As described above, we break out renewable energy generation into the HUC-8 regions by the resource and land availability within each region. This example shows utility-scale PV, distributed PV, hydroelectric and wind generation in PCA 34 (table 4) . Because wind, hydro and distributed PV do not require water for cooling, we will focus only on operational water use for utility-scale PV for the purposes of this example. The following table shows the HUC-8 regions considered in this study, the utility-scale PV ratio applied to this HUC for this PCA, and the calculated generation data. Note that for this example the 10 HUC-8 regions below occupy only 60% of the total land area within PCA 34.
Determining water use
We then apply median water withdrawal and consumption coefficients to the above generation data to project water use data by cooling technology and HUC-8 region (figure 6). Note that natural gas combustion turbines (Gas-CT) do not use steam for electricity generation and therefore do not require water for cooling (Averyt et al 2011) . Figure 6 shows the total consumptive water use for these 10 HUC-8 regions within PCA 34. These values can now be used as input to the southwest WEAP model. The WEAP model uses power plant water use data along with other water basin-scale information such as municipal water demand and reservoir storage to simulate local hydrology.
Conclusions
Robust analysis of the water impacts of electricity-sector choices depends on producing results according to waterrelevant geographies, and developing plausible strategies for assigning cooling types to both retiring and new power plants. Our research demonstrates a replicable approach to translate electricity modeling results from the electricity-relevant geographies (PCAs) produced in Clemmer et al (2012) to water-relevant geographies (HUC-8s). These results serve as inputs for hydrologic simulations that require representation of place-specific water demands. Drawing on existing capacity and generation ratios for select technologies and resource ratios for renewable energy technologies for that translation distributes projected power plants and plant use in ways that reflect the tendency of new capacity to be built at or near existing facilities and new renewable energy capacity to follow available renewable energy resources. Our approach also reasonably assumes that certain cooling types will become more or less prevalent as the power sector evolves, and assigns appropriate cooling water use values. The next step for assessing the regional and local water impacts of different electricity pathways is to use the output from this process as input into water modeling of select regions, as described in Yates et al (2013) .
Additional opportunities for this work could include expanding its use to other basins or automating more of this work. Providing water use output for other basins would require identifying the relevant PCAs (as described above) and the corresponding water basins. The translation or 'hand-shake' work described here could also be incorporated into either the electricity or water models, obviating the need for the separate analyses described here. Much of the disaggregation performed on the ReEDS output could occur within ReEDS itself if the functions were to be incorporated into the model. That integration would allow the model to produce water results by PCA. Given that ReEDS contains the renewable energy resource information and generates the power plant capacity and generation figures on which the allocations are based, ReEDS could produce results (electricity or electricity and water) based on different geographies, including HUC-8s. Similarly, the WEAP modeling platform could accept as input ReEDS's PCA-based electricity results directly, along with the distribution factors for the various power plant outputs (capacity and generation, or resource potential), and itself apply the relevant water factors.
